Introduction
An increasing demand has developed recently towards the heterogenization of homogeneous complexes due to environmental and economic reasons. Expensive chiral catalysts have particularly attracted much interest. One of the most widely studied complexes is (R, R)-(-)-N, N -bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminomanganese(III) chloride called Jacobsen's catalyst [1] [2] [3] . Attempts have been made to immobilize this complex not only for the possibility to reuse but also to preclude deactivation [4, 5] . These two characteristics are among the observed advantages of the heterogenized homogeneous complexes [6] [7] [8] .
The most important problem with the encapsulation of the Jacobsen catalyst is the size of the complex. The Jacobsen complex is too large to fit into zeolites having FAU or EMT topologies. Consequently, not the complete catalyst but the partially substituted molecule was encapsulated. Not surprisingly, the catalytic results did not meet the expectations [4, 5] .
MCM-22 zeolite seems to be a good solution for the encapsulation of Jacobsen's catalyst, because it has a very large supercage (7.1x18.2Å in diameter) and the synthesis of this zeolite proceeds through a layered precursor [9] . At this stage of the synthesis the catalyst can be intercalated between the layers. The intact Jacobsen's catalyst encapsulated in this way was an active and selective catalyst for the epoxidation of α-methylstyrene. The heterogenized catalyst exhibited both higher activity and higher enantioselectivity than the homogeneous counterpart [10] . Although the possibility for recycling was not studied, the heterogenized catalyst had all the expected advantages [11, 12] .
The cobalt analog of the Jacobsen complex was used to study the hydrolytic kinetic resolution of terminal epoxides [13, 14] . This method is a recently developed way to produce chiral products. A mechanism was established on a heterogenized version of this catalyst describing a cooperative bimetallic way to proceed [15, 16] .
In this paper we want to report our effort for the encapsulation of the Co analogue of the Jacobsen catalyst into MCM-22 and the application of the heterogenized catalyst in the oxidation of α-methylstyrene and in the hydrolytic kinetic resolution of racemic styrene oxide.
Experimental

Materials
α-Methylstyrene, styrene oxide, acetonitrile, tert-butyl methyl ketone, sodium hydroxide, hexamethyleneimine and (R,R)-(-)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminocobalt(II) (I) (Fig. 1) were purchased from Aldrich and used as received.
Encapsulation of the complex
The MCM-22 synthesis was based on the published procedure using hexamethyleneimine as template [9, 17] . 0.92 g sodium aluminate and 0.65 g sodium hydroxide was dissolved in 124 ml distilled water. 7.5 g hexamethyleneimine and 9.13 g silica gel were added to this solution. This mixture was heated at 150
• C for 7 days with rotation. After cooling to room temperature, the layered MCM-22 precursor was stirred overnight with an ethanolic solution of complex I. After filtration and drying, the precursor was heated at 280
• C for 16 h. The product material was washed with ethanol (stirring at room temperature for
5 h) to remove organic compounds adsorbed on the outer surface.
Characterization of the catalyst
XRD diffratograms were recorded on a Philips PW-1830 diffractometer. FT-IR spectra of the Co complex and the heterogenized sample were recorded on a Bio-Rad FTS-65 A spectrophotometer in KBr pellets. The loading of the metal complex of the immobilized sample was determined by ICP-AES (JOBLIN YVON 24 type instrument) after dissolving the sample in conc. HNO 3 .
Oxidation reaction
10 mg of complex I (16.6 µmol) was dissolved in 6 ml acetonitrile and the mixture was cooled to 4
• C with ice water. 6 ml of NaOCl solution (8 mmol ) mixed with 5 ml of 0.05 M of Na 2 HPO 4 was cooled to 4
• C. The pH was adjusted to 10.3 by 1 M NaOH and this mixture was added to the acetonitrile solution. The reaction was started by adding 1 ml of α-methylstyrene (7.7 mmol) to the reaction mixture under N 2 at 4
• C under magnetic stirring. Samples taken every 3 h were analyzed by GC (HP1 capillary column, 150
In the case of the encapsulated catalyst, 250 mg of catalyst containing 6 µmol of complex I was used, with other conditions unchanged.
Hydrolysis
To study the hydrolytic kinetic resolution of racemic styrene oxide, 150 mg of MCM-22 encapsulated catalyst (3.6 µmol) was added to the mixture of 50 µl tert-butyl methyl ketone, 50 µl racemic styrene oxide (0.4 mmol), and 5.5 µl water (0.3 mmol). The reaction mixture was stirred gently at room temperature for 3 h and analyzed by GC (Cyclodex B column).
Results and discussion
The encapsulated version of complex I was prepared by the zeolite synthesis method using MCM-22 as a host material. The MCM-22 structure was determined by X-ray powder diffraction (Fig. 1) and the encapsulated catalyst (MCM-22 containing complex I) was also characterized by XRD (Fig. 2) . The FT-IR spectra of the neat complex and the immobilized catalyst are shown in Fig. 3 . Fig. 1 The XRD pattern of MCM-22 as synthesized. Fig. 2 The XRD pattern of MCM-22 containing the complex after calcination. Fig. 3 The FT-IR spectra of the heterogenized sample after excessive washing with ethanol (upper spectrum) and the complex I (lower spectrum).
A comparison of these spectra shows that the heterogenized sample contains the complex I. As seen in Fig. 3 the characteristic bands of the complex at 1630 cm are also appearing in the spectrum of the heterogenized sample. The spectra, of course, are only a proof for the presence of the complex, but not for the encapsulation. The FT-IR spectrum gives some indication for the presence of a small amount of hexamethyleneimine template in the encapsulated sample. MCM-22 consists of two independent pore systems. The first involves two-dimensional sinusoidal channels. These channels should be partially occupied by hexamethyleneimine under the conditions of the study since this section of template is desorbed only above 400
• C. The second pore system involves supercages, where the complexes are located. Hexamethyleneimine might also be located in these cages during the synthesis but begins to desorb above 231
• C. Additionally, hexamethyleneimine is probably lost during the intercalation process. Therefore, no residual hexamethyleneimine is expected to occupy any supercages after calcination at 280
The catalytic activities of the homogeneous complex I and its encapsulated version were evaluated in the oxidation of α-methylstyrene by NaOCl (Scheme 2). The conversion, product distribution and reaction rate values measured using complex I as a homogeneous catalyst are summarized in Table 1 . After 3 h 2-phenylpropanal (3) was the primary product of the oxidation reaction on the homogeneous complex I, but after 20 h the amount of 2-methyl-2-phenyloxirane (2) was comparable to that of the aldehyde. 2-Phenylpropane-1,2-diol (4) was a byproduct of the reaction. Complex I is a chiral molecule but, in contrast to the Mn analogue, the main product of the oxidation reaction is the racemic aldehyde. This complex, therefore, is an unsuitable catalyst for the enantioselective epoxidation of α-methylstyrene.
The encapsulated complex I was also used as oxidation catalyst in the same reaction using identical reaction conditions (Table 2 ). Table 2 Conversion, product distribution and specific activity values in the oxidation of α-methylstyrene with NaOCl solution using complex I encapsulated in MCM-22.
As Table 2 shows, the encapsulated catalyst was also active in the oxidation of α-methylstyrene. The product distributions were similar, while the specific catalytic activity was higher in the case of the encapsulated catalyst. It is known that in some cases the activities of heterogenized systems are superior to those of the homogeneous catalysts [18] . The improved performance of the heterogenized system can sometimes be explained by the site isolation [19] .
The obtained catalytic results, particularly the higher specific activity of the heterogenized system can prove that the encapsulation of complex I is successful and has led to an active catalyst for the oxidation of α-methylstyrene to 2-phenylpropanal. It means that α-methylstyrene molecules can migrate from the solution to the active sites in the supercages of the MCM-22 system and the product molecules can migrate back into the solution. In other words the encapsulated complex I proved to be an active oxidation catalyst under the conditions applied.
Balkus and coworkers [10] studied a similar system using a Mn(Salen) type complex and detected no leaching of the complex. This was proved by separating the catalyst after 4 h from the reaction mixture and by starting a new reaction. No further conversion was observed. We made a similar observation with the encapsulated Co(Salen) catalyst separated after 9 h indicating again the lack of any leaching.
Jacobsen and coworkers have published that chiral cobalt-based salen complexes were active catalysts for the hydrolytic kinetic resolution of terminal epoxides. The kinetic resolution of the racemic mixture of styrene oxide could afford the mixture of the highly valuable (R)-styrene oxide and (S)-1-phenylethane-1,2-diol in high yield with high enantiomeric excess [14] .
Since our encapsulated catalyst is the Co analog of the Jacobsen catalyst, we have tried to use the complex I encapsulated in MCM-22 in the hydrolytic kinetic resolution of racemic styrene oxide. Our encapsulated catalyst, however, was completely inactive in the reaction studied, in spite of the fact that it was an active catalyst in the oxidation of α-methylstyrene.
Mechanistic studies made by Jacobsen and coworkers indicated, that the epoxide ringopening reactions proceeded through a mechanism involving cooperative interaction between catalyst units [15] . Later Annis and Jacobsen reported the synthesis of polystyrene-and silica-bound chiral Co(Salen) complexes and their application in the kinetic resolution of terminal epoxides [16] . The effects on reactivity of varying catalyst loadings have provided information on the mechanism of epoxide ring-opening. Samples with high surface loadings were active catalysts in the hydrolytic kinetic resolution, while catalysts with low surface concentrations were completely inactive. The observed correlation between the degree of catalyst site-isolation and reaction rate was consistent with a cooperative bimetallic mechanism in the hydrolytic kinetic resolution of terminal epoxides.
Thus the observed complete inactivity of the complex I encapsulated in MCM-22 in the hydrolytic kinetic resolution is a good evidence for the presence of separated complex molecules in the supercages that is for the encapsulation of complex I inside the MCM-22.
Conclusions
(1) (R, R)-(-)-N, N -bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminocobalt(II) complex was encapsulated into MCM-22. (2) The catalyst proved to be active for the oxidation of α-methylstyrene to 2-phenylpropanal with NaOCl and the specific activity of this catalyst was found to be higher than that of the homogeneous complex. However, the encapsulated catalyst is unsuitable for the enantioselective epoxidation of α-methylstyrene since it affords the racemic aldehyde. (3) The encapsulated catalyst was completely inactive in the hydrolytic kinetic resolution of racemic styrene oxide. This observation is consistent with the existence of the cooperative bimetallic mechanism proposed by Annis and Jacobsen and a good evidence for the presence of separated encapsulated complex molecules in the supercages.
